Since packaging of DNA in the chromatin structure restricts the accessibility for regulatory factors, chromatin remodeling is required to facilitate nuclear processes such as gene transcription, replication, and genome recombination. Many conserved non-enzymatic protein domains have been identified that contribute to the activities of multiprotein remodeling complexes. Here we identified a novel conserved protein domain in Eukaryota whose putative function may be in regulating chromatin remodeling. Since this domain is associated with a known SANT domain in several vertebrate proteins, we named it the SANTA (SANT Associated) domain. Sequence analysis showed that the SANTA domain is approximately a 90 amino acid module and likely composed of four central -sheets and three flanking -helices. Many hydrophobic residues exhibited high conservation along the domain, implying a possible function in proteinprotein interactions. The SANTA domain was identified in mammals, chicken, frog, fish, sea squirt, sea urchin, worms and plants. Furthermore, a phylogenetic tree of SANTA domains showed that one plant-specific duplication event happened in the Viridiplantae lineage.
INTRODUCTION
In the nucleus of eukaryotic cells, DNA is wrapped around octamers of histone proteins to form chromosomes, which further assemble into higher-order chromatin structure. This type of packaging compacts the entire genomic DNA inside the nucleus; however, it also prevents access to DNA for many regulatory proteins essential for transcription, replication, DNA repair, recombination and chromosome segregation. Therefore, a dynamic change of chromatin structure (chromatin remodeling) is both necessary and fundamental to the function and regulation of these nuclear genetic processes. Two distinct classes of enzymes have been implicated in these proceses: ATP-dependent chromatin remodeling enzymes (e.g. SWI2/SNF2 ATPase) (Flaus and Owen-Hughes, 2004 ) and the histone-modifying enzymes that catalyze the chemical modification of histone tails (e.g. acetylation, methylation and ubiquitination) (Strahl and Allis, 2000) . Usually, these enzymes act with many other associated subunits in the context of large multiprotein complexes. Moreover, diverse complexes are not functionally in-* To whom correspondence should be addressed.
dependent, but rather cooperate to regulate chromatin structure (Narlikar et al., 2002) .
Many conserved non-enzymatic protein modules or domains have been identified and characterized among these large remodeling complexes, such as the SANT domain (Aasland et al., 1996; Boyer et al., 2004) , chromodomains (Koonin et al., 1995; Brehm et al., 2004) , bromodomains (Dhalluin et al., 1999) , and PHD finger (Bienz, 2005) . It has been proposed that these non-enzymatic domains greatly contribute to chromatin remodeling based on the following findings. Firstly, these domains commonly bear histone binding activity specifically to different modification states of histone tails. For example, bromodomains selectively bind lysineacetylated histone (Dhalluin et al., 1999) , chromodomains bind lysine-methylated histone (Brehm et al., 2004) , and the SANT domain binds unacetylated histone (Boyer et al., 2004) . Secondly, they mediate interactions among remodeling proteins and other regulators like transcriptional factors. For example, SANT domains in diverse proteins can interact with transcriptional factor Sp1 (Ding et al., 2004) , the Brf1 subunit of RNA polymerase (Kassavetis et al., 2006) , and several nuclear receptors (Wang et al., 2006) . Thirdly, some domains (e.g. chromodomains) possess DNA binding and RNA binding activities (Brehm et al., 2004) . Thus, non-enzymatic domains determine complex interactions among remodeling proteins, histones, DNA, RNA and other regulators, which facilitate the assembly of multiprotein complexes and targeting substrate recognition during chromatin remodeling.
In addition to well-studied domains, novel remodeling-related domains continue to be identified, including SWIRM (Aravind and Iyer, 2002) , DBINO (Bakshi et al., 2004) , and Epc-N (Perry, 2006) , which shed light on new mechanisms of chromatin regulation. In the present study, we describe a previously uncharacterized domain which is proposed to be involved in regulating chromatin remodeling. One important character of this domain is that it is associated with the known SANT domain in a set of vertebrate proteins, and therefore, we named it the SANTA (SANT Associated) domain.
RESULTS AND DISCUSSION

Identification and characterization of the SANTA domain
The SANTA domain was initially identified as a conserved region (from 321 to 408) in one zebrafish protein sequence (GI: 54792766), which also harbours one known SANT domain (Pfam: PF00249, also named Myb-like DNA-binding domain) in its Cterminal region. The conservation was further illustrated by PSIBlast searching (Altschul et al., 1997) with strict criteria (E value<0.0005) against the protein non-redundant database at National Center for Biotechnology Information (NCBI) and Blast searching in Ensembl database (Hubbard et al., 2005) . Furthermore, the existence of domain sequences was confirmed through extracting mRNA or EST data in the NCBI nucleotide database (zebrafish GI: 54792765, mouse GI: 31044420, human GI: 15620864, sea squirt GI: 23575791, C. elegans GI: 71988494, A. thaliana GI: 18406213, O. sativa GI: 32987831 and O. sativa GI: 32996314) . The N-and C-terminal boundaries were fixed based on the multiple alignment of the full sequences of SANTAcontaining proteins. Many homologous sequences for the SANTA domain are present in mammals, fish, sea squirt, sea urchin, worms and plants. Sequence analysis shows it is approximately a 90 amino acid module (Fig.1) . The putative secondary structure is likely composed of four center -sheets and three flanking -helices at its terminals (H-EEEE-HH) (H for -helix and E for -sheet), which is consistently supported by three popular structural prediction programs with distinct algorithms. There were many hydrophobic residues that exhibited high conservation along the domain and fell into several characteristic motifs such as the N-terminal LxxW motif, central SxxIxxR and TxSGxxxxLxG motifs, and C-terminal FxxGFPxxW motif. The conserved residues are positionally consistent within these secondary structures, suggesting a critical role of these residues in structure and function. For example, several conserved glycine residues most likely contribute to forming turn structures which are located between sheet3 and sheet4, and between helix2 and helix3.
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Multiple sequence alignment of SANTA domains. The sequences were extracted through PSI-Blast searching in NCBI NR database (Altschul et al., 1997) and Blast searching in Ensembl database (Hubbard et al., 2005) . Muscle (Edgar, 2004) , Praline (Simossis and Heringa, 2005) and T-coffee (Poirot et al., 2003) servers were used to build the multiple alignments; they all generated similar alignments. Non-conserved residues were adjusted manually. The final alignment is colored using Chroma (Goodstadt and Ponting, 2001 ). The sequences are indicated using Genbank ID (GI) and Ensembl ID followed by species names and corresponding domain segments (from the starting to the ending residues). Ci sequence is derived from cDNA entry (GI: 23575791). Tr, Tn, Ga sequences are derived from corresponding genomes in Ensembl database with contig IDs. Cb sequence is derived from the Caenorhabditis briggsae genome in NCBI database (GI: 11095118). The consensus in 75% of the sequences shown below the alignment is derived using the following amino acid classes: a, aromatic (FHWY, blue lettering on a dark yellow background); b, big (EFHIKLMQRWY, blue on light yellow); c, charged (DEHKR, pink on white); h, hydrophobic (ACFGHILMTVWY, black on dark yellow); l, aliphatic (ILV, grey on dark yellow); p, polar (CDEHKNQRST, blue on white); s, small (ACDGNPSTV, dark green on white); +, positive charged (HKR, dark blue on white); *, Serine/Threonine (ST, light blue on white). Letters F, G, I, L, P, S, T, R, W show the conserved residues. The putative secondary structure is predicted using PSIPRED (McGuffin et al., 2000) , SSPRO (Pollastri et al., 2002) , and YASPIN (Lin et al., 2005) The tree was constructed using PHYLIP programs (Felsenstein, 1989) . Numbers at nodes are bootstrap value obtained from 1000 repetitions. Six evolutionary lineages are indicated by Tetrapoda, Teleostei, Echinodermata, Nematoda, Urochordata, and Viridiplantae. Two homologous domains in Arabidopsis thaliana and Oryza sativa are represented by At1 (GI: 15217905) and At2 (GI: 7413641), Os1 (GI: 50923299) and Os2 (GI: 34913444), respectively. The final tree diagram was generated using MEGA 3 Tree Explorer (Kumar et al., 2004) . For the complete phylogenetic tree refer to Supplementary Figure S1 .
Interestingly, the basic structural composition of H-EEEE-H has been described in a recently identified PATAN domain (Makarova et al., 2006) . However, careful comparison of PATAN and SANTA domains showed the SANTA domain is different in relative secondary structural location and two distinct C-terminalhelices. Furthermore, no similar structures were found in our searches in 3D-Jury (Ginalski et al., 2003) and Genesilico (Kurowski and Bujnicki, 2003) meta-servers which utilized various protein fold recognition methods, implying the structure of the SANTA domain potentially defines a novel fold.
Domain architectures and putative function of the SANTA domain
Domain architectures (Fig. 2) show that in mammal, frog, chicken, and fish proteins, the SANTA domain is generally associated with the SANT domain (Pfam: PF00249). In one Arabidopsis thaliana protein (GI: 15217905), the SANTA domain is coupled with a KIP1-like protein domain (Pfam: PF07765). In addition, unique SANTA domains were present in the proteins of other species such as sea squirt, sea urchin, worms, plants, and gray short-tailed opossum (Monodelphis domestica), suggesting that SANTA defines a novel protein family. The association of the SANTA and SANT domains in many vertebrate proteins implies that these two domains are functionally related. The SANT domain is a conserved protein module found in a number of chromatin remodeling proteins with multiple activities such as DNA binding, histone tail binding, and protein-protein interactions (Aasland et al., 1996; Boyer et al., 2004; Wang et al., 2006 ). It appears as though the SANT domain represents a central module characteristic for chromatin regulation, since it is more broadly represented among remodeling proteins than other chromatin-related domains (e.g. SWIRM domain, bromodomain and PHD finger) (Boyer et al., 2004) . Also, the SANT domain usually cooperates with other chromatin-related domains to constitute diverse sets of homologous proteins in different species. Here, the SANTA domain is similarly associated with SANT domains in many vertebrate proteins, implying a putative role in chromatin remodeling. Furthermore, the highly conserved hydrophobic residues among SANTA domains (Fig. 1) suggest a function in protein-protein interactions, but not charged nucleotide binding activity. The KIP1-like protein domain is another known SANTAcoupled module, which is conserved among some plant proteins. Although there is little functional information available for this domain, one KIP1 containing protein is known to be involved in signaling regulation through interacting with the kinase domain of PRK1, a receptor-like kinase in plant pollen (Skirpan et al., 2001) .
The proposed chromatin remodeling function of the SANTA domain is further supported by the published functional information about these SANTA-containing proteins. Yeast two-hybrid screening of a human colon carcinoma cell line indicates that a human protein (GI: 42415492) harbouring both SANTA and SANT domains interacts with transcriptional factor Sp1 (Gunther et al., 2000) , suggesting that the SANTA domain participates in transcriptional regulation, a process requiring chromatin remodeling. Similarly, in a recent paper an interaction between a SANT domain and Sp1 in regulating human MI-ER1 expression has been described (Ding et al., 2004) . Moreover, expression information from EST data or mRNA data indicate SANTA containing proteins may have biological function in zebrafish embryonic inner ear (Coimbra et al., 2000) , mouse preimplantation development of embryos (Ko et al., 2000) , and human brain (Nagase et al., 2001 ).
Unique evolutionary history of SANTA domains
Phylogenetic analysis of SANTA domains offers insight into unique characteristics of these domains. Overall, there are six evolutionary lineages in which we could identify SANTA domains: Tetrapoda, Teleostei, Urochordata, Nematoda, Echinodermata, and Viridiplantae (Fig. 3) . Interestingly, the SANTA domains in many proteins among two close lineages of Tetrapoda and Teleostei are characterized by coupling with the SANT domain, whereas other SANTA domains in ancient lineages are not. This implies that the association between SANT domain and SANTA domain is a recent product during evolution. There is one exception. In the gray shorttailed opossum (Monodelphis domestica) protein, the SANTA domain is not associated with SANT domain (Fig. 2) , although it belongs to Tetrapoda lineage (Supplementary Figure S1) .
It is well documented that ancient fish-specific whole genome duplication events have occurred after the divergence of teleost and the tetrapod lineages. This resulted in multiple copies of many genes, for example, the Hox gene family (Amores et al., 1998) and Midkine growth factor (Winkler et al., 2003) . However, in the case of SANTA domains only one homolog was identified in each published genome within the Teleostei and other Metazoa lineages, suggesting that homologous SANTA domains may have been lost during evolution. Interestingly, we identified two SANTA homologs in the genomes of Oryza sativa and Arabidopsis thaliana which belong to the Viridiplantae lineage. They have different chromosome (Chr) locations: At1 and At2 are located on Arabidopsis thaliana Chr 1 and Chr 5, respectively, whereas Os1 and Os2 are located on Oryza sativa Chr 4 and Chr 1, respectively. Further phylogenetic relationships among plant homologs suggest that the SANTA domain may have undergone one plant-specific duplication event after the divergence of the Metazoa and Viridiplantae lineages. This kind of plant-specific duplication event is consistent with the proposed function of the SANTA domain in chromatin regulation, since Shiu et al. (2005) recently reported that transcriptional factor families, but not other genes, underwent dramatic expansion in plants when compared to other eukaryotes. 
CONCLUSION
One hallmark of chromatin regulation is that many conserved nonenzymatic domains among remodeling complexes exert crucial roles in assembly of multiprotein remodeling complexes and targeting substrate recognition. Discovering new domains and defining their functions will better our understanding of molecular mechanisms of chromatin remodeling. Here we described a previously uncharacterized conserved SANTA (SANT-associated) domain, which we speculate is involved in regulating chromatin remodeling. Sequence and structural analysis showed that the SANTA domain defines a unique protein family characterized by a structural fold of H-EEEE-HH with putative protein-protein interaction activity. Phylogenetic analysis showed that the SANTA domain underwent one plant-specific duplication event in the Viridiplantae lineage. The proposed function of the SANTA domain in chromatin remodeling is experimentally supported by evidence that a human SANTA-containing protein interacts with transcriptional factor Sp1. The diverse proteins we identified that contain the novel SANTA domain are essentially novel and unresearched. Defining the exact biological role of the SANTA domains will require comprehensive functional analysis such as mutational and structural assessments.
